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Abstract 
Equilibrium calculations were used to optimize conditions for the chemical vapor deposition of zirconium carbide from 
zirconium halide + CxHy+H2+Ar system. The results show the CVD-ZrC phase diagram is divided into ZrC+C, ZrC and 
ZrC+Zr zones by C, Zr generating lines. For the same mole of ZrCl4 reactant, it needs higher concentration of CH4 to 
generate single ZrC phase than that of C3H6. Using these calculations as a guide, single-phase cubic zirconium carbide 
coatings were deposited onto graphite substrate. 
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1. Introduction 
Zirconium carbide (ZrC) has received much attention because of combination of many attractive 
properties, such as high-melting temperature (3718K), great hardness (28.7GPa), excellent mechanical 
stability, relatively lower density compared with other refractory carbides, and absence of phase changes in 
the solid state. It can be a potential candidate for protective coating for unites applied in ultra-temperature 
environments [1]. Besides theses, ZrC coating is a candidate to replace the SiC coating of Tirso-coated fuel 
particles in the nuclear industry [2]. Also, with a relatively low function of only 3.3-3.5eV, ZrC has been 
shown to improve the field emission stability and beam confinement while it is coated on the field emitter 
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cathodes [3]. 
Among the methods to prepare ZrC coatings, chemical vapor deposition (CVD) is the most widely used[4-8]. 
Although, a single-source metalorganic precursor tetraneopentyl zirconium (Zr[CH2C(CH3)3]4 source has been 
successfully used to grow thin films of ZrC in the low-temperature range 300-750[9-12]. The films, however, 
were not stoichiometric and have so low growth rate. And the synthesis process of this organo-metallics is 
expensive. As for cost and deposition rate, the atmospheric halide CVD using zirconium tetrachloride (ZrCl4), 
hydrocarbon gas and hydrogen precursors to produce reasonable quality ZrC is considered.  
To assist in understanding this CVD ZrC growth chemistry, a chemical vapor equilibrium analysis of the 
ZrCl4 (ZrF4, ZrBr4, ZrI4)-CxHy(CH4,C2H2,C3H6)-H2-Ar system based on the Zr-C phase diagram constructed 
by Guillermet was performed[13]. Particular objectives of this study were to identify conditions that prevent 
carbon co-deposition and grow stoichiometric ZrC (fcc). The thermodynamic conditions include temperature, 
H2:Ar and pressure. Favorable conditions determined from the thermodynamic analysis were used to guide 
experimental ZrC growth on graphite substrate in a vertical, CVD system. 
2. Thermochemical properties and calculations 
The thermodynamic properties for gas species were taken from the ThermoCalc database, while the Zr-C 
database suggested by the assessment of Guillermet was used to describe the condensed phase thermodynamic 
properties[14-18]. The gas phase species and condensed phases included in the calculation are listed in Table 1. 
 
Table 1. A list of gas phase species and condensed phases included in the calculation 
 
ZrCl4+CH4+H2+Ar, ZrCl4+C2H2+H2+Ar,ZrCl4+C3H6+H2+Ar system 
Gas phase species: Ar, C(g), H26Cl2, CCl,CHCl, CH2Cl,CH3Cl,CHCl2, CHCl3,CCl4,CH1, CH2,CH3, CH4, C2, C2Cl, C2HCl, C2H3Cl, 
C2H5Cl, C2Cl2, C2H2Cl2, C2H4Cl2,C2Cl3, C2HCl3, C2Cl3H3,C2Cl4,C2H2Cl4,C2Cl5, C2Cl5H1, C2Cl6, C2H, C2H2, C2H3, C2H4,C2H5, C2H6,C3, 
C3H, C3H4,C3H6,C3H8,C4, C4H10,C4H4, C4H6, C4H8, C5, C5H8, C6H5Cl, C6H6, Cl, HCl, ZrCl, ZrCl2,ZrCl3, ZrCl4, H, ZrH, H2, Zr(g), Zr2(g) 
Condensed phases: CCl4(l), ZrC(l),ZrC(s), C6H5Cl(l), ZrCl2(l), ZrCl2(s),ZrCl3(l), ZrCl3(s), ZrCl4(l), ZrCl4(s), C(l),C(s), Zr(l), Zr(s) 
ZrF4+CH4+H2+Ar system 
Gas phase species: Ar, CH2F, CH3F, CHF2, CHF2, CH2F2, CF3, CHCl3, CCl4, CH1, CH2, CH3, CH4, C2, C2F, C2HF, C2H3F, C2H5F, C2Cl2, 
C2H2F2, C2H4F2, C2F3,C2HF3, C2F3H3, C2F4, C2H2F4, C2F5, C2F5H1,C2F6,C2H,C2H2,C2H3, C2H4, C2H5, C2H6, C3, C3H, C3H4, C3H6, C3H8, 
C4, C4H10, C4H4, C4H6, C4H8, C5, C5H8, C6H5F,C6H6,F,HF,ZrF,ZrF2,ZrF3,ZrF4,H,ZrH,H2, Zr(g),Zr2(g) 
Condensed phases: ZrC(l),ZrC(s),ZrCl2(l),ZrCl2(s),ZrCl3(l),ZrCl4(s),C(l),C (s),Zr(l), Zr(s) 
ZrBr4+CH4+H2+Ar system 
Gas phase species: Ar, C(g), H26Br2, CBr, CHBr, CHBr2, CHBr2, CH2Br2, CBr3, CHBr3, CBr4, CH1, CH2, CH3, CH4, 
C2,C2Br,C2HBr,C2H3Br,C2H5Br,C2Br2,C2H2Br2, C2H4Br2, C2Br3, C2HBr3, C2Br3H3, C2Br4, C2H2Br4, C2Br5, C2Br5H1, C2Br6, C2H, C2H2, 
C2H3, C2H4, C2H5, C2H6, C3, C3H,C3H4, C3H6, C3H8,C4, C4H10, C4H4, C4H6, C4H8,C5, C5H8, C6H6,Br,HBr, ZrBr, 
ZrBr2,ZrBr3,ZrBr4,H,ZrH,H2,Zr(g), Zr2(g) 
Condensed phases: ZrC(l) ,ZrC(s), Br2(s), ZrBr2(l), ZrBr2(s), ZrBr3(l), ZrBr4(s), C(l), C(s), Zr(l), Zr(s) 
ZrI4+CH4+H2+Ar system 
Gas phase species: Ar, C(g), CI, CHI, CHI2, CH2I2, CI3, CHI3, CI4, CH1, CH2, CH3, CH4, C2, C2I, C2HI, C2H3I, C2H5I, C2I2, C2H2I2, 
C2H4I2, C2I3,C2HI3, C2I3H3,C2I4, C2H2I4,CI5,C2I5H1, C2I6,C2H,C2H2,C2H3, C2H4, C2H5, C2H6, C3,C3H, C3H4, C3H6, C3H8,C4, C4H10, C4H4, 
C4H6,C4H8,C5,C5H8, C6H6,I,HI,ZrI, ZrI2, ZrI3, ZrI4, H, ZrH, H2, Zr(g), Zr2(g) 
Condensed phases: ZrC(l), ZrC(s), I2(l), I2(s), ZrI2(l), ZrI2(s), ZrI3(l), ZrI4(l), ZrI4(s), ZrI3(s), C(l), C(s), Zr(l), Zr(s) 
 
Thermochemical equilibrium diagrams were computed in this work using the ThermoCalc computational 
software package. The results were generalized by selecting CxHy partial pressure as a function of zirconium 
halide partial pressure under serial conditions (temperature, H2:Ar and pressure). 
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3. Experimental details 
ZrC films and coatings were grown from ZrCl4 (CP) on graphite substrates at temperature in the range 
1573-1873K. CVD growth was performed in a horizontal, cold-wall quartz reactor equipped with a graphite 
susceptor, radio frequency (RF) heater. Precursor powders were subjected to a special powder carrier, which 
overcome the problem of vapor condensation and agglomeration. The feed rate of the precursor was 1.8 g/min. 
Hydrogen (99.999%) was used as carrier gas (0.024-0.3 m3/h). Argon was used as dilution gas (0-0.2 m3/h). 
CVD-ZrC using ZrCl4 had a very varied growth rate, 150nm/h-50ȝm/h. SEM show the morphology 
evolution of ZrC coatings from two-dimensional platelets, to fine grains, to polycrystals with different shapes. 
But by choosing optimizing processing parameter, we can prepare smoonth and homogeneous films. It 
exhibited good adherence to the substrate. EDS analysis indicated the existence of zirconium and carbon. And 
according Zr:C, the coating can be uperstoichimetric, stoichiometric, and substoichiometric. XRD 
measurement generally detects crystalline ZrC with six planes ( (111), (200), (220), (331), (222), (400)). 
Detailed characterization results have been presented elsewhere. The chemical composition of the films based 
on measurements will be discussed along with the equilibrium analysis results. 
 
4. Results and discussion 
4.1 Equiliburim partial pressure as a function of reaction temperature 
Fig.1 shows the mole fraction of main gas phases as a function of temperature when CVD process drive to 
equilibrium. As for four kinds of zirconium halide, the five gas phases have the similar tendency. Carrier gas 
Ar and reducing gas H2 keep constant in the given temp. For each diagram, there is an obvious inflection 
temperature (ZrF4+CH4+H2+Ar, 1830K; ZrCl4+CH4+H2+Ar, 1530K; ZrBr4+CH4+H2+Ar, 1570K; ZrI4+ 
CH4+H2+Ar, 1380K). Before this temperature, the mole fractions of zirconium halide fix constant; those of 
CH4 gas reduces quickly; and hydrogen halide increase gradually then balance. After it, zirconium halide 
reduces quickly and hydrogen halide increase continually. It can be inferred that higher temperature favor for 
reaction for zirconium halide. It can be also learned that the degree of difficulty of reaction (ZrF4
ZrCl4§ZrBr4ZrI4) . This is strongly dependent on the dissociation energy of zirconium halide (ZrF4, 
1912.0KJ/mol; ZrCl4, 981.5 KJ/mol; ZrBr4, 759.8 KJ/mol; ZrI4, 484.9 KJ/mol). 
 
4.2 CVD phase diagrams at different temperature 
Fig.2 is the classic CVD phase diagram of CxHy partial pressure as a function of ZrCl4 partial pressure 
from 1173K-1873 K. It can be seen that the CVD-ZrC phase diagram is divided into ZrC+C, ZrC and ZrC+Zr 
zones by C, Zr generating lines. For the same mole of ZrCl4 reactant, it needs higher concentration of CH4 to 
generate single ZrC phase than that of C3H6. As temperatures rising, the shape of single phase ZrC shows 
complex changes. In general, it’s area decreases. When temperature increases from 1173K to 1673K, the C 
phase line that corresponded with ZrCl4 low concentration partial pressure reduces. It means the concentration 
of CH4, C2H2 and C3H6, which needed by generating C phase reduces. When temperature increases from 
1673K to 1873K, the C phase line that corresponded with ZrCl4 low concentration partial pressure heighten. 
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Fig.1 The relationship between equilibrium partial pressure of gas species and temperature (P=105Pa,ZrCl4:CH4= 
H2:Ar=2:3) (a)ZrF4+CH4+H2+Ar;(b)ZrCl4+CH4+H2+Ar;(c)ZrBr4+CH4+H2+Ar;(d) ZrI4+CH4+H2+Ar 
92   Sun Wei et al. /  Physics Procedia  46 ( 2013 )  88 – 101 
  
  
 Sun Wei et al. /  Physics Procedia  46 ( 2013 )  88 – 101 93
  
  
Fig. 2 Calculated CVD phase diagram for the ZrCl4-CxHy-H2-ArCxHy=CH4,C2H2,C3H6system at different 
temperature(Ptotal=1atm, H2:Ar=1:100)  
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Fig.3. Calculated CVD phase diagram for the ZrF4-CH4-H2-Ar system at different temperature (Ptotal=1atm, 
H2:Ar=1:100) 
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Fig. 4 Calculated CVD phase diagram for the ZrBr4-CH4-H2-Ar system at different temperature (Ptotal=1atm, 
H2:Ar=1:100) 
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Fig. 5 Calculated CVD phase diagram for the ZrBr4-CH4-H2-Ar system at different temperature (Ptotal=1atm, 
H2:Ar=1:100) 
 
Fig.3-5 shows calculated CVD phase diagram for the ZrF4-CH4-H2-Ar, ZrBr4-CH4-H2-Ar, ZrI4-CH4-H2-Ar 
system at different temperature. CVD-ZrC phase diagram of ZrF4-CH4-H2-Ar, ZrBr4-CH4-H2-Ar,ZrI4-CH4-
H2-Ar system is similar to ZrCl4-CH4-H2-Ar system. They are ZrC+C, ZrC and ZrC+Zr areas top-down, and 
the shape of C and Zr phase lines are similar. When temperature increases from 1173K to 1873K, C phase 
line of ZrX4(X=FBrI) corresponding to low concentration reduces firstly, then rises. While C phase line of 
ZrX4 (X=FBrI) corresponding to high concentration is on the rise all the time. It means that, as for 
ZrX4(X=FBrI) of low concentration CH4 needed by generating C phase reduces . From 1173K to 1873K, 
Zr phase line of ZrX4(X=FBrI) of low concentration doesn’t change obviously, while Zr phase line of 
ZrX4(X=FBrI) of high concentration rises all the time. It means that, the concentration of ZrX4(X=FBr
I) needed by generating ZrC phase keep invariant at the area of
 
low concentration and it rises at the area of 
high concentration. When C phase line and Zr phase line change with the temperature, the area of single-
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phase ZrC phase zone reduces. 
 
4.3 CVD phase diagrams at different H2:Ar 
Fig. 6 shows change rules of calculated CVD phase diagram for ZrCl4-CH4-H2-Ar, ZrCl4-C2H2-H2-Ar, 
ZrCl4-C3H6-H2-Ar system when the ratio of H2:Ar changes from 0.011 to 1001 at temperature1573K.,As 
the ratio of H2:Ar rises, C phase line rises slowly. However, when the ratio of H2:Ar becomes 5:1, C phase 
line won’t change anymore. It means the rise of the ratio of H2:Ar in a specific range benefits generating ZrC 
when CH4,C2H2,C3H6 have low concentration. But when the ratio of H2:Ar rises, Zr phase line doesn’t change 
obviously in the area of ZrCl4 of low concentration. However, Zr phase line in the area of ZrCl4 high 
concentration partial pressure. And when the ratio of H2:Ar rises to 5:1, Zr phase line in the area of ZrCl4 high 
concentration won’t change anymore.  
 
4.4 CVD phase diagrams at different pressure 
Fig.7 shows calculated CVD phase diagram for ZrCl4-CH4-H2-ArZrCl4-C2H2-H2-ArZrCl4-C3H6-H2-Ar 
system when the pressure changes from 105Pa to 102Pa at 1573K. s. As the pressure reduces, C phase line and 
Zr phase line become closer, which makes the area of single-phase ZrC reduce. It means the reduction of 
pressure blocks the generation of single-phase ZrC,and promotes the generation of ZrC+C and ZrC+Zr phase. 
And Zr phase line of ZrCl4 of low concentration moves to the right, which makes the area of single-phase ZrC 
increase. It means that the reduction of pressure promotes the generation of single-phase ZrC, and blocks the 
generation of ZrC+Zr phase. 
In conclusion, the results of the thermodynamic calculations performed cannot be applied directly to a 
CVD process. There are certain trends, however, that give useful information about the different zirconium 
and carbon precursor systems. This study indicates that it it possible to deposit pure ZrC from every 
combination of zirconium and carbon precursor employed in this study. It can also be concluded that in CVD 
of ZrC, carbon is the most frequent impurity that may emerge. A certain minimum amout of hydrogen should 
prevent co-deposition of elemental carbon over a wide range of temperature and pressure. 
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Fig.6 Calculated CVD phase diagram for the ZrCl4-CxHy-H2-ArCxHy=CH4,C2H2,C3H6system at different 
ratio of H2:Ar (T=1573K, P=105).(a) H2:Ar=0.01:1, (b)H2:Ar=0.03:1, (c)H2:Ar=1:1 (d)H2:Ar=5:1,(e) 
H2:Ar=10:1,(f) H2:Ar=100:1. 
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Fig.7 Calculated CVD phase diagram for the ZrCl4-CxHy-H2-ArCxHy=CH4,C2H2,C3H6system at different 
pressure (T=1573K, H2:Ar=1:1). a)P=105,(b)P=104,(c)P=103,(d)P=102. 
 
4.5 Zirconium Carbide CVD 
The CVD variables were explored by increasing temperature, incresing the H2 or Ar content, and reduing 
the pressure.Detailed characterization results have been presented elsewhere. Table 2 summarizes the results 
of the CVD temperature experiments. 
Fig.8(a) shows the XRD patterns of the surface of ZrC coated graphite substrate under three deposition 
conditions. According to the calibrated results, the coatings are respectively, mainly composed of ZrC1.0+C, 
ZrC1.0 and ZrC0.7 phases. These indicate that the different flow rates of C3H6 make the coating with 
superstoichiometric, stoichiometric and substoichiometric compositions. (In the following text, three types of 
coatings are named ZrC1.0+C, ZrC1.0 and ZrC0.7, respectively.) It is clear that the coatings show varying 
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surface morphologies. The ZrC1.0+C coating (fig.8(b)), which is covered by many spherical cells, has a similar 
morphological feature to deposited pyrolytic carbon (PyC). It is regarded as a kind of ZrC nano-particles 
reinforced PyC composite coating [19]. The ZrC1.0 coating (fig.8(c)) is covered by many columnar and flat 
crystals with sizes of 2-5 ȝm. There are some gaps or holes between the crystals. The ZrC0.7 coating (fig.8(d)) 
is covered by many microaggregate-like textures and the single ones contain several fine grains without 
obvious boundary. 
 
Table.2 – Processing parameters for ZrC coatings by atmospheric pressure chemical vapor deposition 
Deliver 
rate/g·min-1 
Volume flow rate 
/ml·min-1  
Condition 
Deposition 
Temperature/K 
Deposition 
Time/h ZrCl4 
(99%) 
C3H6 
(99%) 
Carrier 
Ar 
Dilute 
Ar 
1 1373 3 1.8 50 400 400 
2 1573 3 1.8 50 400 400 
3 1773 3 1.8 50 400 400 
 
  
  
Fig.8  The phase compositions and morphologies of the ZrC coating under different deposition conditions: (a) 
XRD pattern; (b) Surface SEM image for condition 1; (c) Surface SEM image for condition 2; (d) Surface 
SEM image for condition 3. 
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Fig.9 Line Energy Spectrum Analysis of ZrC cross-section coatings after polishing (Condition 3 in Table 2). 
 
Fig.9 is Line Energy Spectrum Analysis of cross-section of four kinds of ZrC coatings after polishing. From 
background image, ZrC coating shows a light zone which verifies extreme high tightness. Zirconium and 
carbon elements can be observed to be uniform along the normal direction of the coating (fig.2(d)). It 
exhibited good adherence to the substrate. 
5. Conclusions  
Thermodynamic modelling of CVD of ZrC from four kinds of zirconium halide (ZrF4, ZrCl4, ZrBr4, ZrI4) 
was perform. CH4, C2H2 or C3H6 was used as carbon source in the calculations. And graphite substrate was 
employed. All set of combinations of the zirconium and carbon precursors results in ZrC+C, ZrC and ZrC+Zr 
phase zones. By adjusting H2:Ar, it is earier to gain single phase ZrC than to adjust temperature and pressure. 
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